Introduction
Skeletal muscle is a major contributor to systemic energy homeostasis because of its large mass relative to other tissues and its high rate of fuel consumption. Mammalian skeletal muscles are composed of a mixture of oxidative and nonoxidative myofiber types. They differ with respect to their metabolic properties and are interconvertible. Reprogramming of myofiber types alters overall metabolic capacity; endurance exercise training is linked to an increase in oxidative fibers, along with mitochondrial respiration and fatty acid oxidation (1) . In contrast, individuals suffering from obesity or type 2 diabetes mellitus have fewer oxidative myofibers (2) (3) (4) (5) . Hence, identifying the molecules or components responsible for reprogramming the myofiber phenotype can have a profound impact on the understanding of muscle dysfunction and the consequent pathophysiology of metabolic diseases.
Studies using transgenic mice (6) (7) (8) or pharmacological agents (9, 10) have ignited interest in developing exercise mimetics. As a result, mice ectopically overexpressing certain proteins (e.g., PGC1α) have been reported to have an endurance skeletal muscle phenotype, although many of them conversely exhibit increased adiposity with insulin resistance on a whole-body level (7, 11) . Previous identification of exercise-mimetic regulators mainly focused on intrinsic triggers such as ATP turnover and redox balance. However, the vast majority of signals come from outside the cell. In addition to the numerous exogenous stimuli introduced into the bloodstream, many endogenous ligands are secreted from other organs such as the gut, liver, adipose tissue, and brain. Signaling molecule levels fluctuate respectively, and each of them binds to specific receptor(s) to transmit a mixture of cell-surface signals. Therefore, it is crucial to identify the signaling node that converts the external environmental changes to cellular metabolic control.
Myofibers may recognize environmental changes through cell-surface receptors and reprogram the fiber type. Many different G protein-coupled receptors (GPCRs), which represent the largest (~800) group of receptors, recognize a mixture of external molecules (12) . Although GPCRs and their downstream pathways have been studied in various indications, with regard to mimicking exercise, a single receptor is unlikely to bring about the myriad metabolic adaptations and the consequent benefits. Heterotrimeric G proteins (Gα, Gβ, and Gγ subunits) reside at the intracellular side to propagate GPCR signaling. Of these, only Gα proteins directly bind to the GPCRs and serve as a major signal switch through distinct downstream effectors (13) . Despite the size and diversity, GPCRs interact with a relatively small number of Gα proteins to initiate intracellular signaling cascades (14) ; only 16 genes encode Gα proteins, which implies the crucial nature of the Gα protein as a molecular bottleneck of signal transduction, potentiating or blunting downstream biological responses to environmental changes. Therefore, discovering the specific Gα protein(s) and the underlying molecular cascade is crucial to unraveling the physiology of muscle fiber remodeling.
Among Gα proteins, we focused on Gα13 because of its expressional predominance in skeletal muscle. The role of Gα13 in regulating skeletal muscle function is scarcely known. Studies investigating Gα13 have been limited, because mice with the gene KO are embryo lethal (15) . We generated skeletal muscle-specific Gα13 KO (Gα13-MKO) mice, with the aim of understanding the role of Gα13 in muscle phenotype and function and of finding the muscle-type switch that regulates energy metabolism. We report here Skeletal muscle is a key organ in energy homeostasis owing to its high requirement for nutrients. Heterotrimeric G proteins converge signals from cell-surface receptors to potentiate or blunt responses against environmental changes. Here, we show that muscle-specific ablation of Gα13 in mice promotes reprogramming of myofibers to the oxidative type, with resultant increases in mitochondrial biogenesis and cellular respiration. Mechanistically, Gα13 and its downstream effector RhoA suppressed nuclear factor of activated T cells 1 (NFATc1), a chief regulator of myofiber conversion, by increasing Rho-associated kinase 2-mediated (Rock2-mediated) phosphorylation at Ser243. Ser243 phosphorylation of NFATc1 was reduced after exercise, but was higher in obese animals. Consequently, Gα13 ablation in muscles enhanced whole-body energy metabolism and increased insulin sensitivity, thus affording protection from diet-induced obesity and hepatic steatosis. Our results define Gα13 as a switch regulator of myofiber reprogramming, implying that modulations of Gα13 and its downstream effectors in skeletal muscle are a potential therapeutic approach to treating metabolic diseases. Figure 1A ). GNA12 (encoding Gα12), despite its sequence homology with GNA13, did not show this specific distribution. In an RNA-sequencing (RNA-seq) data set (GEO GSE30611), only skeletal muscle showed a distinct predominance of Gα13 over Gα12 in human tissues. In the mouse, quantitative PCR (qPCR) analysis of representative tissues also showed skeletal muscle-dominant expression of Gna13 ( Figure 1B ). Among different skeletal muscle tissues, those with a lower oxidative capacity (e.g., tibialis anterior and quadriceps) mostly showed higher expression of GNA13 and GNA12 compared with expression levels in highly oxidative muscle such as the soleus ( Figure 1C ). Next, we tested whether Gα13 levels in skeletal muscle are altered under different metabolic conditions. Microarray analysis (GSE9103) (17) showed GNA13 downregulation in an exercise-induced state of energy depletion ( Figure 1D ), which was confirmed in mice forced to run until exhaustion ( Figure 1 , E that ablation of Gα13 drives exercise-mimetic reprogramming of skeletal muscles and identify Gα13 as a metabolic switch. This study also reveals Rock2-mediated inhibitory phosphorylation of NFATc1 (p-NFATc1) as the underlying molecular basis. Furthermore, our results show that Gα13 deficiency in muscle improves systemic energy homeostasis, with an increased fatty acid and glucose turnover that is most likely attributable to the reprogramming of skeletal muscle to the oxidative type.
Results

Gα13 expression is coupled with metabolic alterations in skeletal muscle.
In an effort to find the metabolic Gα protein switch in skeletal muscle, we first analyzed the gene expression profiles of human tissues (NCBI Gene Expression Omnibus [GEO] database accession no. GSE43346) (16) . This analysis revealed GNA13 (encoding Gα13) to be one of the genes predominantly expressed in muscles Tissue distribution of Gα (GNA) subunits in microarray and RNA-seq experiments using human tissues. The data were extracted from GEO GSE10347 and GSE30611. FPKM, fragments per kilobase of transcript per million mapped reads. (B and C) qPCR analysis of Gα13 in mouse tissues. C57BL/6 mice were fasted overnight prior to sacrifice (n = 3 each). Different sets of mice were used in B and C. TA, tibialis anterior; EDL, extensor digitorum longus; Quad, quadriceps. (D) Relative expression of Gα subunits in human quadriceps before or after exercise. Data were extracted from GEO GSE9103. (E and F) Levels of Gα13 protein (E) and transcripts (F) in soleus muscle before and 4 hours after 1 hour of exercise (n = 4 each). (G) Immunostaining for Gα13 in skeletal muscles of a healthy volunteer and a diabetic patient. Scale bar: 100 μm. (H) Immunoblots for Gα13 and GTP-bound RhoA in tibialis anterior muscles from mice fed a normal diet (ND) or a HFD for 13 weeks (n = 5-6 each). For E and H, each blot was obtained from samples run on parallel gels. For B, C, and E-H, data represent the mean ± SEM. *P < 0.05 and **P < 0.01, by Student's t test. jci.org Volume 127 Number 10 October 2017
using Gna13 fl/fl Ckmm-Cre mice (hereafter referred to as Gα13-MKO mice). As flanking Gα13 with loxP sites had no effect on Gα13 expression or on other phenotypes, WT littermates carrying only Gna13 fl/fl with no detectable Cre gene were used as controls ( Figure 2, A and B) . The Gα13-MKO mice were born at Mendelian frequencies and survived more than 1 year, without apparent gross abnormalities. We then examined global RNA expression in muscles of Gα13-MKO and WT mice using exon microarrays ( Figure 2C and Supplemental Table 1 ). Expression of exons comprising Myh4, a molecular marker of type 2b nonand F). In contrast, Gα13 levels were higher in the skeletal muscle of a patient with type 2 diabetes than in that of a healthy individual ( Figure 1G ). Consistent with these results, Gα13 levels in muscle were elevated in obese mice fed a high-fat diet (HFD), with concomitant activation of downstream effector RhoA ( Figure 1H and Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI92067DS1).
Ablation of Gα13 reprograms myofiber types toward the oxidative phenotype. To define the role of Gα13 in skeletal muscle physiology, we deleted Gα13 in a myocyte-specific manner (SDH) activity staining also confirmed this finding ( Figure 2G ). The myofiber type conversion also occurred in gastrocnemius and soleus muscles. Muscles composed of more oxidative fibers confer higher fatigue resistance. Gα13-MKO mice displayed significantly greater endurance than did WT mice, even without prior training, as indicated by 20% and 30% longer running times and distance, respectively ( Figure 3A) . Electron microscopic analysis of skeletal muscles from Gα13-MKO mice showed larger and denser mitochondria in the intermyofibrillar and subsarcolemmal regions ( Figure 3B ). The mitochondrial population in the intermyofibrillar regions was also higher. Consistent with these findings, mitochondrial DNA content in gastrocnemius muscle was 2-fold higher ( Figure 3C ). We also found that transcript levels of genes associated with mitochondrial biogenesis and oxidative phosphorylation were all higher in Gα13-MKO mice ( Figure 3D ).
We measured cellular oxygen consumption rates (OCRs) as a functional assay of mitochondrial fuel consumption. To rule out the possible contribution of nonparenchymal cells present in the oxidative myofiber, was mostly downregulated in Gα13-MKO mice, whereas other genes associated with lipid and/or glucose metabolism and muscle contraction were also affected by Gα13 KO (Supplemental Table 1 ). These changes were confirmed by qPCR assays, as shown by significantly lower Myh4 expression, along with correspondingly higher levels of Myh7 and Myh2 (type 1 and 2a oxidative myofiber markers, respectively), implying that changes in myofibers to a more oxidative phenotype by Gα13 KO had occurred (Supplemental Figure 2A) . Consistently, muscles of the KO strain were redder from a gross morphological perspective, indicative of the characteristics of oxidative muscle ( Figure 2D and Supplemental Figure 2B ). The size of individual myofibers and the weight of isolated muscles were comparable between the KO and WT mice ( Figure 2E ). Immunohistological examination showed a dramatic increase in myosin heavy chain isoforms of type 1 and 2a oxidative fibers in the tibialis anterior, with a corresponding decrease in the population of type 2b fibers upon Gα13 ablation ( Figure 2F ). Increases in oxidative myofibers by succinate dehydrogenase Although studies have been using primary myotubes and C2C12 myotubes as surrogate systems to examine fiber type conversion in vitro (18, 19) , primary myotubes express lower levels of adult myosin heavy chain isoforms than do intact muscles. The results thus suggest that Gα13 not only regulates myosin expression but also promotes oxidative metabolism, which may represent the events accompanied by fiber type conversion. Differences in body temperature in the basal state or during exposure to cold temperatures were negligible between the 2 genotypes (Supplemental Figure 4) . Our results showed that basal Gα13 levels in cardiac muscle were much lower than those in skeletal muscle ( Figure 1, A and B) . A secondary decrease in Gα13 was observed in the heart muscles muscle tissue (e.g., endothelial cells, adipocytes, fibroblasts, and immune cells) to this function, primary satellite cells were isolated from hind limb muscles and fully differentiated into myotubes prior to the assay (Supplemental Figure 3A) . The cells from Gα13-MKO muscles did not express Gα13 seven days after differentiation and had no abnormalities in growth or fusion patterns (Supplemental Figure 3 , B and C). The cells from Gα13-MKO mice indeed had a more oxidative metabolic phenotype after differentiation, as indicated by the transcription pattern of genes involved in energy metabolism (Supplemental Figure 3D) . Moreover, myotubes deficient in Gα13 exhibited 2-fold increases in the rates of basal, uncoupled, and maximal oxygen consumption ( Figure 3E ). A luciferase reporter construct with 3 NFAT binding sites upstream of a transcription start site was transfected into C2C12 myotubes with NFATc1-expressing or control vector. Myotubes were then infected with adenovirus expressing the indicated genes, and luciferase activity was assayed 48 hours later. Gα13QL, a CA Q229L mutant of Gα13. (E) Immunoblots for calcineurin A in the indicated skeletal muscles from mice fasted overnight. (F) Calcineurin (CaN) phosphatase activity was measured using an RII substrate peptide on the same skeletal muscles as in E. The relative activity represents the difference between total phosphatase activity and that in the presence of EGTA, as normalized by protein content in the lysates. (G and H) Immunoblotting (G) and transcriptional activity assays (H) for NFATc1. C2C12 myotubes were transfected with HA-tagged NFATc1 expression vector, followed by adenoviral infection of LacZ or Gα13QL. Vehicle (Veh) or A23187 was added 12 hours before the assay. (I) Immunoblots for NFATc1. After adenoviral infection, C2C12 myotubes were treated with MG132 (10 μM) for 12 hours. Ad, adenovirus. For B, G, and I, each blot was obtained from samples run on parallel gels. For B-D, F, and H, data represent the mean ± SEM. *P < 0.05 and **P < 0.01, by Student's t test. jci.org Volume 127 Number 10 October 2017
of Gα13-MKO mice, but this change was marginal as compared with that observed in skeletal muscle (Supplemental Figure 5A ). In addition to the comparable heart-to-body weight ratios, histological assessment revealed no apparent signs of cardiac hypertrophy or other defects (Supplemental Figure 5 , B and C). Consistently, transcript levels of the genes representing mitochondrial biogenesis and oxidative phosphorylation showed no differences between WT and Gα13-MKO mice (Supplemental Figure 5D ). Thus, skeletal muscle-specific deletion of Gα13 using Ckmm-Cre seemed to have a minimal effect on cardiac muscle phenotype and function. These results confirm that loss of Gα13 leads to an increase in oxidative myofibers, thereby enhancing exercise performance and oxidative capacity in skeletal muscle. Gα13 inhibits NFATc1 activity and regulates muscle oxidative capacity. Nuclear factor of activated T cells 1 (NFATc1) signaling is necessary and sufficient to transform fibers into oxidative type fibers (20) (21) (22) . Therefore, we narrowed our focus to NFATc1 as a potential primary regulator of the phenotype transition resulting from Gα13 ablation. Intracellular localization determines NFATc1 activity and is tightly controlled by its phosphorylation status (Figure 4A) . In Gα13-MKO muscles, nuclear NFATc1 was significantly higher, indicative of Gα13 as a negative regulator of NFATc1 (Figure 4B, left) . Total NFATc1 content was also higher in KO muscles, presumably as a result of autoinduction ( Figure 4B , right), a distinct feature of NFATc1 among different NFAT isoforms (23) , since mRNA expression was also higher in the KO muscles (Figure 4C) . To confirm the effect of Gα13 on NFATc1 activity more directly, we performed reporter assays using a luciferase construct with a concatemerized (3 copies) high-affinity NFAT-binding site. In contrast to the activation of NFATc3 by Gα13 in fibroblasts (24) , adenoviral infection of myotubes with a constitutively active Gα13 (Q229L mutant, hereafter referred to as Gα13QL) robustly inhibited the basal luciferase activity as well as that enhanced by ectopically overexpressed NFATc1 ( Figure 4D ). Among NFAT proteins, NFATc1 is the predominant isoform expressed in adult skeletal muscle (22, 25) . So, it is conceivable that alterations in NFATc1 mainly contribute to overall NFAT activity downstream of Gα13.
Additionally, Gα13 gene KO changed neither the expression levels of calcineurin, a direct upstream regulator of NFATc1, nor its catalytic activity ( Figure 4 , E and F). Nonetheless, Gα13QL robustly inhibited nuclear localization of NFATc1 and, thereby, its transcriptional activity ( Figure 4 , G and H). This event also occurred in the presence of A23187, a calcium ionophore (i.e., enforced calcium influx), further supporting the contention that Gα13 regulates NFATc1 independently of the change in intracellular calcium signaling. Moreover, the possibility that Gα13 signaling facilitates NFATc1 degradation, thereby lowering nuclear levels, was ruled out, since treatment with a proteasome inhibitor had no effect on nuclear NFATc1 levels ( Figure 4I ).
To test whether NFATc1 mediates Gα13-induced myosin heavy chain conversion and fiber-type specification, we used an electroporation-based gene transfer technique to deliver NFATc1 shRNA in vivo. As reported in previous studies (26) , the plasmids encoding shRNA and GFP together were readily transfected, regardless of myofiber types, without affecting fiber type distribution (Supplemental Figure 6 ). Two weeks after electroporation, NFATc1 shRNA abrogated the effect of Gα13 KO on the myofiber type switch, as indicated by changes in myosin heavy chain isoform composition and oxidative metabolism ( Figure 5A ). More important, enhancement of the OCR, which was achieved by CRISPR-mediated deletion of Gα13 (27) , was blunted by ablation of NFATc1 ( Figure 5B ). Our results show that Gα13-mediated myofiber type conversion depends on NFATc1. NFATc1 physically associates with Rock2 downstream of Gα13. Intriguingly, we found that a constitutively active (CA) Q63L mutant of RhoA, the primary node in the canonical Gα13 pathway, exerted the same effect as Gα13QL did, showing nearly complete inhibition of NFATc1 ( Figure 6A ). Rho-associated kinases (i.e., Rock1 and Rock2) are key downstream effectors contributing to the progression of RhoA-mediated diseases (28) . In humans and rodents, skeletal muscles predominantly express Rock2, but not Rock1, and show a distinct Rock isoform distribution (29) . Both RNA-seq and microarray profiles confirmed the predominant expression of Rock2 in human skeletal muscles ( Figure 6B ). As expected, Rock2 knockdown prevented the ability of Gα13 to inhibit NFATc1, whereas Rock1 knockdown had no effect (Figure 6C) . Our results indicate that Rock2 predominantly regulates NFATc1 downstream of Gα13 in skeletal muscle.
To further delineate the basis of Rock2 regulation of NFATc1, we performed in vitro glutathione S-transferase (GST) pull-down assays using human recombinant proteins and found specific interaction between the active Rock2 fragment (fragment 5-554) and NFATc1 ( Figure 6D ). We also confirmed this using cell-based assays ( Figure 6E ). Rock2 was recruited to NFATc1 in immunoprecipitates, which was diminished by the Rock2 inhibitor Y-27632, suggesting that Rock2 kinase activity is critical in the interaction of Rock2 and NFATc1. Either the ectopically expressed proteins or the endogenous proteins showed physical interactions with each other in the cell. Next, we conducted systematic NFATc1 deletion experiments. Rock2 directly phosphorylates NFATc1 at the Ser243 residue. Since Rock2 is a serine-threonine kinase, we determined whether Rock2 phosphorylates NFATc1 at serine or threonine residues. NFATc1 phosphorylation was augmented by Gα13QL or CA-Rock2 (C-terminus-truncated Rock2) at serine residue(s), supporting the ability of Rock2 to phosphorylate NFATc1 downstream of Gα13 (Supplemental Figure 7A) . The ability of Rock2 to phosphorylate NFATc1 was corroborated in the in vitro kinase assay. As expected, Rock2 directly phosphorylated NFATc1, which was reversed by the addition of Y-27632 to the reaction buffer ( Figure 7A ). We found that autophosphorylation of Rock2 was also inhibited. In order Among 5 fragments of NFATc1, Rock2 bound with 2 regulatory sites of NFATc1, including the NFAT homology region (NHR) and C-terminal domain (CTD) ( Figure 6F ). Although all of the fragments tested bound to Rock2, the binding affinities were different. First, compared with full-length NFATc1, the binding diminished only in the fragments without the CTD (i.e., ΔCTD and NHR). Thus, CTD seemed to be responsible for the Rock2-NFATc1 interaction. However, the CTD-deleted fragments also showed weak interactions, suggesting that the NHR may have some affinity for Rock2. Rel homology region (RHR) did not affect the binding intensity, indicating that the domain does not contribute to the binding. . Twelve-week-old mice of each genotype were fasted overnight before sacrifice (n = 3 each). Each blot was obtained from samples run on parallel gels. (B and C) Immunoblots for p-NFATc1 (Ser243) and assays for Rock2 activity. A recombinant MYPT1 substrate peptide was used to determine the activity of Rock2 immunoprecipitated from tissue homogenates. (B) Mice were subjected to 1 hour of exercise and rested for 4 hours before sacrifice. Soleus muscles were used (n = 5 each). (C) Mice were fed a ND or a HFD for 13 weeks and were fasted overnight before sacrifice (n = 4-6 each). (D) Immunoblots and NFATc1 transcriptional activity assays. Left: C2C12 myotubes were transfected with mock or the plasmid encoding for WT NFATc1 or mutants, and subcellular fractions were collected 24 hours after transfection. Right: NFATc1-KO C2C12 myotubes were similarly cotransfected along with an NFAT reporter construct. Luciferase activity was assayed 48 hours after transfection (n = 4). (E) Immunostain images for myosin heavy chains and histochemical assays to determine SDH activity in tibialis anterior muscles, 14 days after electroporation-mediated gene delivery. Each mouse of the indicated genotype received a WT NFATc1 vector in 1 limb and a plasmid encoding S243A-mutant NFATc1 in the contralateral limb. Type 1 and 2a myofibers and those with high SDH activity were quantified. Scale bars: 200 μm. Data represent the mean ± SEM. *P < 0.05 and **P < 0.01, by Student's t test. jci.org Volume 127 Number 10 October 2017 Gα13-MKO diminishes whole-body adiposity as a result of increased energy expenditure. Factors that affect muscle fiber type distribution and oxidative capacity can lead to alterations in whole-body lipid catabolism (30, 31) . Under basal conditions, Gα13-MKO mice had lower fat mass than did WT mice of the same body weight, presumably due to the conversion of skeletal muscles to oxidative type fibers (Supplemental Figure 8A) . Therefore, we studied whether Gα13-MKO has the beneficial effect of preventing weight gain in animals fed a HFD for 9 weeks. From the very first week, Gα13-MKO mice resisted weight gain, maintaining at least 10% lower weights compared with WT mice until the end of the experiment ( Figure  9A ). Lower fat mass mostly accounted for the lower body weight gains in Gα13-MKO mice ( Figure 9B ). More important, we observed lower accumulations of intramyocellular lipid droplets ( Figure 9C ). Consistent with these results was the significantly lower level of triglycerides detected in soleus muscle ( Figure 9D ). A small difference in serum cholesterol levels was observed, whereas no significant difference was observed in serum triglyceride levels (Supplemental Figure 8B) . In order to assess energy balance, food intake and wholebody energy expenditure were measured using a comprehensive laboratory animal monitoring system (CLAMS). Energy expenditure and OCRs were greater in Gα13-MKO mice over the time periods examined, although food intake and locomotor activity were comparable to or even lower than those of WT mice ( Figure 9E and Supplemental Figure 8C ). In skeletal muscles, fatty acid uptake rates were higher, and the genes encoding for the proteins associated with lipid catabolism were all highly expressed upon Gα13 MKO ( Figure  9 , F and G), indicating that a deficiency of Gα13 in skeletal muscles accelerates energy expenditure, with enhanced lipid clearance from the bloodstream and subsequent catabolism.
Interestingly, Gα13-MKO mice resisted hepatic steatosis, even after 9 weeks of HFD feeding, although neither skeletal muscle nor adipose tissue showed differences upon histological examination ( Figure 9H and Supplemental Figure 8D ). Lipid droplet accumulation was suppressed in Gα13-MKO mice, and, more important, an increase in the liver-to-body weight ratio was completely prevented. The difference in alanine amino transferase levels was not statistically significant (Supplemental Figure 8E) . These results provide evidence that the beneficial outcomes of Gα13 deletion include not only an increase in lipolytic capacity in muscles but also a decrease in whole-body lipid accumulation.
Loss of Gα13 enhances muscle glucose metabolism and systemic insulin sensitivity. Intramyocellular lipid has been a primary contributor to insulin sensitivity in humans (32) (33) (34) . Impaired mitochondrial function and reduced oxidative capacity in skeletal muscle strongly correlate with insulin resistance (35) (36) (37) . Gα13-MKO mice showed diminished fasting hyperglycemia and hyperinsulinemia in the HFD-fed mouse model ( Figure 10A ). This was supported by adaptive changes in the size of pancreatic islets ( Figure 10B ). In the ex vivo assays, Gα13-MKO muscles were resistant to diet-induced impairment of insulin-stimulated glucose uptake ( Figure  10C ). In addition, both whole-body glucose (2 g/kg) and insulin tolerance (0.75 U/kg) were improved ( Figure 10, D and E) . These data prompted us to monitor insulin sensitivity more precisely.
Next, we performed hyperinsulinemic-euglycemic clamps using HFD-fed mice. Gα13-MKO mice showed a significant increase in whole-body insulin sensitivity, as indicated by a 4.8-to identify specific Rock2 phosphorylation site(s), we performed liquid chromatography tandem mass spectrometry (LC-MS/MS) after in vitro phosphorylation and found that Rock2 phosphorylated human NFATc1 at Ser241 and Ser345 residues (homologous with mouse Ser243 and Ser347, respectively) ( Figure 7B ). Ser241 was particularly worthy of notice, because the amino acids around this residue were highly conserved across the species examined, whereas those around Ser345 were not ( Figure 7C ). To examine the site-specific function of the phosphorylation, we cloned constructs with a serine-to-alanine mutation of mouse NFATc1 at Ser243 and/or Ser347 and transfected them into C2C12 myoblasts. For this experiment, we used NFATc1-KO cells to eliminate artifacts of the autoinduction effect. Substituting Ser243 of NFATc1 with alanine (S243A) abolished the inhibitory effect of Gα13 on NFATc1, whereas the S347A mutation had no effect ( Figure 7D ). In addition, an 8-mer oligopeptide mimicking the putative target site (residues 236-243) abrogated Rock2 phosphorylation of NFATc1, without affecting the autophosphorylation of Rock2 (Figure 7E) . We then verified Ser243-specific phosphorylation using a custom-made antibody ( Figure 7F ). The lack of band intensity amplification in NFATc1-KO C2C12 myotubes expressing S243A-NFATc1 validated the antibody specificity. To confirm Rock2 as a bona fide NFATc1 kinase, we performed a loss-of-function study using siRNA against Rock2 ( Figure 7G ). As expected, we found that Gα13QL failed to elicit Ser243 phosphorylation of NFATc1 in the absence of Rock2.
Ser243 phosphorylation of NFATc1 is coupled with Gα13 expression in vivo. Our next step was to extend our understanding of the functional significance of Ser243 phosphorylation of NFATc1 to in vivo models. Of note, loss of Gα13 strongly lowered Ser243 phosphorylation in tibialis anterior muscle ( Figure 8A ), in contrast with the increase in total NFATc1 levels. On the other hand, the phosphorylation of NFATc1 at Ser259, a previously known phosphorylation site, was comparable between the genotypes. Exercise training, a condition that inhibits Gα13 levels, also repressed NFATc1 phosphorylation at the Ser243 residue in skeletal muscle, which was consistent with the decrease in Rock2 activity ( Figure 8B ). By contrast, p-NFATc1 (Ser243) levels were higher in the muscles of HFD-fed obese mice, which paralleled Rock2 activity and Gα13 levels ( Figure 8C ). Phosphorylation levels appeared to be slightly higher in a patient with type 2 diabetes than levels in a healthy individual (Supplemental Figure 7B) .
To further evaluate the impact of Ser243 phosphorylation on NFATc1 activity, we examined the subcellular localization and transcriptional activities of NFATc1 using nonphosphorylatable or phospho-mimetic (Ser243-to-alanine or -aspartate, respectively) NFATc1 mutants ( Figure 8D ). As expected, the alanine mutant exhibited notably higher degrees of nuclear translocation and activity, whereas the aspartate mutant exerted the opposite effects, corroborating the functional importance of Ser243 phosphorylation. Consistently, the S243A mutant had a greater ability to promote myofiber type conversion in vivo than did WT NFATc1 ( Figure 8E ). These results demonstrate that Rock2 inhibits NFATc1 downstream of Gα13 through Ser243 phosphorylation, which is diminished by exercise but is increased in conditions of metabolic dysfunction, delineating the pathophysiological impact of Rock2 as an NFATc1 kinase. jci.org Volume 127 Number 10 October 2017 of myofibers to oxidative type fibers. This concept was strengthened by the outcomes of myosin heavy chain subtyping and SDH activity assays, which showed molecular signatures of long-term exercise-trained muscles. Gα13 KO enhanced mitochondrial respiration and endurance exercise capacity without previous training. Thus, we propose that Gα13 may serve as a switch that controls the overall sensitivity of multiple receptors associated with energy metabolism. NFATc1 is the most studied regulator of myofiber type-associated gene expression (20) (21) (22) . Our results reveal the physiological link between Gα13 and NFAT signaling both in vitro and in vivo. We also found that Gα13 or its downstream effector RhoA completely repressed nuclear localization of NFATc1 and its transcriptional activity in the basal or calcium-stimulated state. In particular, the effect of Gα13 was independent of calcineurin, an extensively studied upstream regulator of NFAT proteins. Conversely, a deficiency in Gα13 promotes nuclear accumulation of NFATc1 in vivo. The results of in vivo electroporation-facilitated knockdown experiments corroborated the functional impact of NFATc1 on myofiber conversion to the oxidative type. Our finding that NFATc1 also mediates the enhancement of cellular respiration is noteworthy, because, to our knowledge, this is the first direct evidence for NFATc1 regulation of oxidative metabolism. In contrast to our finding on NFATc1, endothelin activated NFATc3 through Gα13 in cultured fibroblasts (24) . Therefore, the effect of Gα13 on NFATc1 appears to be quite distinct in skeletal muscle. This idea mirrors the reports that other isoforms except NFATc1 failed to determine fiber types in skeletal muscle (22, (38) (39) (40) . We believe our research delineates the role of Gα13 signaling in the regulation of NFATc1 in energy homeostasis and elucidates the mechanism for how G protein signaling amplifies or blunts oxidative metabolism, thus providing insight into the NFATc1 regulatory pathway.
Other transcriptional regulators such as PGC1α, PPARδ, and ERRγ may also contribute to fiber type determination (6, 31, 41) . In our data, a deficiency of Gα13 significantly increased PGC1α transcript levels. However, PGC1α protein levels moderately increased as compared with levels of NFATc1 (Supplemental Figure 9 ). This may reflect the indirect effect of the Gα13/NFATc1 signaling pathway, as also shown in another study using calcineurin-transgenic mice (42) . Hence, it is highly likely that activated NFATc1 may recruit PGC1α to expedite the oxidative reprogramming of myofibers. Of note, although the transcript levels were significantly increased, Gα13 KO had no effect on ERRγ, but lowered PPARδ levels in muscles. This mismatch may result from a posttranscriptional regulatory mechanism. In addition, our data showed no significant increase in oxidative fiber composition in the soleus by Gα13 KO (presumably because of saturation), despite enhanced insulin sensitivity. Thus, an alternative pathway regulated by Gα13 may not be ruled out. It would be of extra value to determine the physiological relevance of such pathways in muscle biology and other areas.
Another finding of our study is the ability of Rock2 to inhibit NFATc1. It has been shown that NFATc1 activity is regulated by multiple phosphorylations in the NHR domain containing a nuclear localization signal peptide. In resting cells, a majority of the serine residues are phosphorylated by kinases, including GSK3, CK1, and DYRK (43) . Here, we showed that the Gα13 effector Rock2 is an immediate kinase of NFATc1. We also fold higher glucose infusion rate ( Figure 10F) . Alterations in the rates of hepatic glucose production and peripheral glucose uptake further validated improvements in hepatic and peripheral insulin sensitivity ( Figure 10, G and H) . During the clamp, tissue-specific glucose uptake in skeletal muscle was also enhanced in Gα13-MKO mice ( Figure 10I ). Intriguingly, increased hepatic insulin sensitivity was consistent with the observed inhibition of hepatic steatosis development.
Similarly, the levels of insulin resistance markers (e.g., phosphorylation of IRS1 at Ser307 and JNK phosphorylation) were lowered in Gα13-MKO skeletal muscles, whereas those of insulin sensitization markers (e.g., Akt and GSK3β phosphorylation) were increased ( Figure 10J ). Likewise, insulin-stimulated Akt phosphorylation at Thr308 or Ser473 and S6 phosphorylation were both greater in the Gα13-MKO muscles ( Figure 10K ). Considered together, our data support the conclusion that loss of Gα13 exercise mimetically induces the conversion of skeletal myofibers to the oxidative type by activating NFATc1 through Rock2 inhibition, which enhances whole-body energy metabolism, demonstrating the link between muscle-specific G protein signaling and systemic energy homeostasis ( Figure 10L ).
Discussion
Given the numerous benefits of exercise for preventing metabolic diseases, identification of druggable targets that mimic or boost the molecular cascade of endurance training has been a long-standing, but elusive, medical goal. GPCRs and their downstream signaling pathways have been studied for various indications. However, modulations of a specific GPCR have limits, as diseases are commonly driven by the simultaneous involvement of multiple receptors. Our study identifies Gα13 as the signaling node that regulates metabolic adaptation to extracellular stimuli, as supported by our findings that Gα13 levels in skeletal muscle were repressed by exercise, but increased under metabolic disease conditions, and that the genetic KO facilitated the reprogramming vides metabolic benefits such as the attenuation of diet-induced obesity and atherosclerosis development in mice (51, 52) . Inhibitors selectively targeting Rock2 or Ser243 phosphorylation of NFATc1 can also be attractive therapeutic candidates for metabolic diseases, as has already been observed in part with a nonselective Rock inhibitor (53) . Furthermore, we believe that the link we have identified between Gα13 and NFATc1 has broad implications for diseases other than metabolic dysregulation. For example, dysregulation of NFATc1 is associated with malignant transformation and cancer progression. In addition, NFATc1 promotes T cell anergy and Treg function (43) , which heightens the potential for our findings to provide new therapeutic strategies for autoimmune disorders. Signaling through Gα13/Rock2/ NFATc1 thus represents a pathway for further scientific exploration and a possible avenue for pharmaceutical interventions in the treatment of diseases.
Methods
Animals. We bred Ckmm-Cre mice (The Jackson Laboratory) with Gna13 fl/fl mice (a gift of Stefan Offermanns, Max Planck Institute, Bad Nauheim, Germany) (54) to generate Gα13-MKO mice, which were then bred again with Gna13 fl/fl mice to produce control littermates for the Gα13-MKO mice. The control mice developed and behaved in the same manner as did the WT mice. Mice were maintained on a 12-hour dark/12-hour light cycle and were fed a normal rodent chow diet or a HFD (D12492; Research Diets). All animals used were male mice on a C57BL/6 background. The group sizes were chosen on the basis of our experience with HFD models, without using a statistical method to predetermine the sample size. For experiments, mice of similar age and weight were randomly subgrouped and subjected to treatments. Because of the experimental design, the investigators could not be blinded to the genotype of the mice. Samples from human patients were obtained from Genetex. Treadmill running. We performed treadmill running studies using a motorized, speed-controlled treadmill system. The running speed was set at 10 m/min for 30 minutes and increased by increments of 2 m/min every 10 minutes, up to 16 m/min. The inclination angle was 5%. Male mice were trained at a speed of 10 m/min in 3 sessions to acquire running skills before the running tests. Mice were determined to be exhausted and were excluded if they resisted running and rested on the electric shock grid for more than 20 seconds. WT mice were subjected to running until exhaustion and were rested for 4 hours. Mice were anesthetized, and skeletal muscles were dissected for the measurement of protein and transcript levels. In a separate study, WT and Gα13-MKO mice were allowed to run until exhaustion for the measurement of total running time and distance.
See the Supplemental Materials and Methods for further details.
Microarray data. The microarray data on soleus muscles from mice of each genotype were deposited in the NCBI's GEO database (GEO GSE83737).
Statistics. Two-tailed Student's t tests were performed to assess the significance of differences among treatment groups. Data are expressed as the mean ± SEM. The criterion for statistical significance was set at P values of less than 0.05 and less than 0.01.
Study approval. All studies were approved by the IRB of Seoul National University and by the IACUC of the Center for Animal Care and Use of Lee Gil Ya Cancer and Diabetes Institute at Gachon University.
found that Ser243 in NFATc1 is a phosphorylation site essential for Rock2-mediated inhibition of NFATc1. The physiological impact of Ser243 phosphorylation was further emphasized in vivo using exercise-trained or obese mouse models. Although Ser243 resides in the NHR domain of NFATc1, CTD also seems to have a role in the interaction with Rock2, since we found that either NHR or CTD alone could bind to Rock2. As substrate specificity often requires interactions between distal docking motifs (44) , CTD may increase the reactivity of Rock2 for NFATc1. This could be achieved by aligning proteins to a more favorable position for phosphorylation, or by increasing the local concentration of Rock2 around NFATc1.
The conversion of myofibers to the oxidative type confers protection against obesity and related metabolic disorders such as diabetes (10) . After exercise, lipid consumption from both intramyocellular triglycerides and circulating fatty acids is augmented in muscles to meet the fuel requirements, while sparing carbohydrates for glycogenesis (45) . The persistent increase in lipid oxidation provides the crucial metabolic advantage of exercise on whole-body energy homeostasis. We showed that skeletal muscle-specific loss of Gα13 exerts beneficial effects on weight gain and insulin sensitivity upon HFD feeding, which appeared to be comparable to the outcome with exercise training. In addition, lipid accumulation and insulin resistance were both inhibited not only in the muscles, but also in the liver. Studies have shown that muscle insulin resistance precedes insulin resistance in the liver, causing liver steatosis, and contributes to whole-body adiposity by diverting ingested glucose and lipids to other organs (46) . Genetic models of selective insulin resistance in the muscle were also prone to developing hepatic steatosis and obesity (47, 48) . Therefore, it is reasonable that the enhancement of energy metabolism and the consequent reversal of metabolic dysregulation in the muscle would contribute to the prevention of metabolic disease progression in the liver, as shown in human studies (49) .
Metabolic function of skeletal muscle is also determined by the size of myofibers. A recent study has shown that coexpression of inactive Gα13 and Gα12 mutants can reverse GPR56-induced C2C12 myotube hypertrophy (50) . However, the role of Gα13 in skeletal muscle had never been studied in vivo. In our study, Gα13-MKO mice exhibited the oxidative shift in fiber types, but not the increase in muscle mass. In addition, Gα12-KO mice failed to show an overt phenotype in terms of endurance exercise performance or muscle weight (J.H. Koo, unpublished observations). Further studies on the effect of Gα13 signaling on muscle mass control in the models of mechanical overload-induced hypertrophy or damage-induced regeneration models would be of help to achieve a comprehensive understanding.
Our findings warrant further investigation into whether inhibitors of Gα13 or associated receptors and downstream pathways may provide an innovative strategy to improve muscle function in patients with decreased mitochondrial activity in muscle. Of the ligands for Gα13-coupled receptors, lipid mediators (e.g., lysophosphatidic acid, sphingosine-1-phosphate, platelet-activating factor, and endocannabinoids) were mostly studied. Among them, lysophosphatidic acid could be one of the working ligands in skeletal muscle, as inhibition of its receptor(s) generally pro-jci. 
